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Fatty acidAbstract The expected depletion of natural petroleum resources in the near future and pollution of
the environment due to excessive carbon dioxide emissions by fossil fuel and its adverse effect on glo-
bal warming constitute two major problems facing the whole world. In view of these problems, much
research work is now directed worldwide to ﬁnd fuels alternative to those derived from petroleum
which should be renewable and more environmentally friendly fuels. Biodiesel fuel which is a blend
of fatty acid esters with alcohols is considered the most suitable alternative fuel for diesel engines. In
this scope of research work, a previous study (Soliman et al., 2013) has been made to explore the
opportunity of utilizing the fatty acids that can be obtained from the waste of edible oil industry
in Egypt to produce biodiesel fuel by direct esteriﬁcation with methanol as well as ethanol in the pres-
ence of sulfuric acid as a catalyst. This paper is a continuation of that work where two other alcohols
of a chain length longer than ethanol have been used being propanol and butanol. The performance
of a diesel engine running using a 50% blend of regular diesel fuel and each of the two biodiesels pre-
pared was compared to that using regular diesel fuel. The results have shown that the brake speciﬁc
fuel consumption (BSFC) and the brake thermal efﬁciency at full engine loading were almost the
same in all cases. This indicates that the produced fuel could be used as an efﬁcient fuel substitute
for diesel engines. By comparing the results of the present work to those reported in our previous
work, it appeared that methanol which has the shortest carbon chain length is the most recom-
mended in view of the brake thermal efﬁciency of a diesel engine at full loading.
 2015 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute. This
is anopenaccessarticleunder theCCBY-NC-NDlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The whole world is currently concerned about the expected
depletion of petroleum reserves in the very near future, rising
prices of crude oil, environmental pollution and global
warming. Therefore, so much research work is being directedto ﬁnd alternatives to all products that are obtained from pet-
roleum including diesel fuel. Biodiesel fuel, an environmentally
friendly product, is considered the most promising fuel substi-
tute for diesel fuel obtained from petroleum. It has so many
advantages over regular diesel fuel. It is free of sulfur as well
as cyclic hydrocarbons which will be reﬂected positively on
the composition of the combustion exhaust and hence on the
environment as well as the engine components by reducing
the rate of their corrosion. In addition biodiesel is non toxic,
biodegradable, has high lubricity and is obtained from
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it reduces carbon dioxide emission and consequently global
warming.
Biodiesel fuel can be prepared via one of two ways,
either by transesteriﬁcation of vegetable oils with alcohols
[2,3] or by direct esteriﬁcation of fatty acids with alcohols
[1]. Egypt imports annually huge quantities of edible oils to
cover more than 90% of the consumption needs of vegetable
oils. Therefore, if biodiesel is to be produced in Egypt on an
industrial scale by oil transesteriﬁcation, vegetable oils of
non-edible grade rather than edible ones should be used.
Examples of these oils are highly acidic ricebran oil [4], jat-
ropha oil [5], high erucic acid rapeseed oil [6] and used cooking
oil [7]. However, the quantities currently available in Egypt of
such non edible oils are not enough to feed an industrial unit of
an acceptable production capacity of biodiesel fuel. In view of
this shortage in vegetable oils for biodiesel production, it has
been thought of utilizing fatty acids that can be obtained from
the waste of the oil and soap industrial sector to produce bio-
diesel by direct esteriﬁcation with alcohols. A major step in the
industrial sector processing crude vegetable oils to yield edible
grade oil is the alkali reﬁning step where crude oils are treated
with caustic soda to neutralize free fatty acids. This step ends
up with neutralized oil which undergoes further processing
steps (bleaching and deodorization) in addition to heavy dark
soapy liquor (mucilage). The latter can then be acidulated to
release the fatty acids back. The estimated quantity of fatty
acids that can be produced from the oil and soap industrial
sector in Egypt was found to be around 16 thousand tons
annually.
The utilization of this waste using methanol as well as etha-
nol as esterifying alcohols to produce biodiesel has been stud-
ied [1]. Both biodiesel; methyl and ethyl esters have been
evaluated as alternative fuels for diesel engines according to
their fuel properties compared to standard diesel as well as
the performance of a diesel engine running using 50% blend
of biodiesel with regular diesel fuel. The results have proved
that the fuel obtained by esteriﬁcation with methyl alcohol
having shorter chain than ethyl alcohol was more efﬁcient as
a fuel. In this paper, two other alcohols of longer chain length
than ethanol were used being propyl and butyl alcohols. The
produced biodiesels will be assessed as fuels and compared
to regular diesel as well as those obtained using methyl and
ethyl alcohols.2. Experimental
The work done in this scope involves three main steps being
production of fatty acids from the industrial waste, production
of biodiesel fuel using liberated fatty acids and evaluation of
biodiesel formed as a diesel engine fuel compared to regular
diesel fuel. The experimental procedures followed in the previ-
ous work reported [1], for the production of fatty acids from
the industrial waste have been followed in the present work.
2.1. Production of biodiesel from the fatty acids produced from
the industrial waste
Production of biodiesel from the fatty acids was then per-
formed using propanol and butanol in the presence of sulfuric
acid as a catalyst at 3% of the mixture weight. Three molealcohol was used for each mole acid in order to achieve com-
plete conversion of the acids to ester. This was necessary to
force the reaction which is reversible in the forward direction
giving ester.
The reaction mixture was reﬂuxed in a two liter round ﬂask
equipped with a back-ﬂow condenser and thermometer. The
reaction progress was followed up during the esteriﬁcation
process by thin layer chromatographic analysis of samples
withdrawn during deﬁnite time intervals according to the
procedure of Megahed [4], until completed. At the end of
the reaction, the reaction mixture separated into two layers.
The upper layer contained the ester and most of the residual
alcohol, while the lower layer contained water, alcohol and
the acid catalyst. The upper layer was then separated from
the lower one, washed with distilled water to remove residual
acidity, and dried using anhydrous sodium sulfate and the
residual alcohol was then evaporated. The chemical composi-
tion of the produced biodiesel was conﬁrmed using gas liquid
chromatography.2.2. Evaluation of the produced esters (propyl as well as butyl
esters) as a fuel for diesel engines according to the performance
of a diesel engine running using biodiesel
The prepared biodiesel fuel has been also evaluated according
to the performance of a diesel engine operated using a 50%
blend of biodiesel with regular fuel in comparison to that using
regular diesel fuel. Engine testing has been conducted on a
direct injection four stroke, four cylinder diesel engine (capac-
ity 1931 cm3). A schematic layout of the experimental set-up
used is described in Fig. 1. The instruments and measuring
devices used in this set-up include:
1- Hydraulic dynamometer which is essentially a torque
measuring device.
2- Tachometer and stroboscope which are rpm measuring
devices.
3- Thermocouples to measure the temperature of the cool-
ing water, inlet and exit as well as the temperature of the
exhaust.
4- Air tank and oriﬁce meter which is used to calculate the
air ﬂow rate.
Fuel tank as well as a fuel metering system.
The experiments were carried at a constant speed of
1250 rpm. The tested fuels include a blend of petrol diesel with
the methyl esters of fatty acids (50% each), a blend of petrol
diesel with the ethyl esters of fatty acids (50% each) and pure
petrol diesel. Five experimental runs were made using each fuel
at different loads being; zero, 15, 40, 65 and 75 nm. In each
run, the following readings were recorded for performance
evaluation:
1- Dynamometer reading (load) and engine rpm.
2- Fuel ﬂow rate as well as air ﬂow rate.
3- Cooling water ﬂow rate and temperature rise.
4- Exhaust temperature.
On the basis of these readings, the performance parameters
of the engine can be estimated, these include:
Figure 1 Experimental setup.
Table 1 Readings of engine testing using regular diesel fuel.
1st run 2nd run 3rd run 4th run 5th run
Inlet water temp. (C) 34 42 48 52 60
Outlet water temp. (C) 47 55 62 70 84
Water rota-meter reading 0.1 0.1 0.1 0.1 0.1
Load (Nm) 0 18 39 61 76
Speed (rpm) 1250 1250 1250 1250 1250
Air manometer reading (mmH2O) 6.5 6.5 6.5 6.5 6.5
Exhaust temp (C) 112 150 195 245 300
Time of fuel consumption {50 cm3} (s) 141 106 79 61 52
Emissions O2 (%) 16.6 15.4 13.9 11.6 8.9
CO (ppm) 1120 1050 1290 1316 1302
CO2 (%) 3.3 4.2 5.6 6.9 9.2
NOx (ppm) 154 345 535 730 670
Specimen: regular diesel fuel.
Density: 841 kg/m3.
Caloriﬁc value: 42,000 kJ/kg.
Table 2 Results of engine testing using regular diesel fuel.
1st run 2nd run 3rd run 4th run 5th run
Brake power (KW) 0.00 2.36 5.10 7.98 9.94
Indicated power (KW) 5.86 8.21 10.96 13.84 15.80
Mechanical eﬃciency (%) 0.00 28.68 46.56 57.68 62.94
Fuel consumption (kg/h) 1.07 1.43 1.92 2.48 2.91
BSFC (gm/Kw h) – 606.42 375.54 310.95 292.77
ISFC (gm/Kw h) 183.35 173.93 174.87 179.36 184.26
BMEP (Kpa) 0.00 117.13 253.78 396.94 494.54
IMEP (Kpa) 291.24 408.36 545.01 688.17 785.78
Brake thermal eﬃciency (%) 0.00 14.13 22.82 27.57 29.28
Indicated thermal eﬃciency (%) 46.75 49.28 49.02 47.79 46.52
A/F ratio 58.27 43.81 32.65 25.21 21.49
Volumetric eﬃciency (%) 74.17 74.17 74.17 74.17 74.17
Exhaust gas loss (%) 13.51 14.67 14.98 15.10 16.20
Cooling water & unaccounted losses (%) 86.49 71.20 62.19 57.33 54.53
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Table 3 Readings of engine testing using 50% blend of fatty acids propyl ester and regular diesel fuel.
1st run 2nd run 3rd run 4th run 5th run
Inlet water temp. (C) 34 40 44 50 54
Outlet water temp. (C) 46 54 62 68 72
Water rota-meter reading 0.1 0.1 0.1 0.1 0.1
Load (Nm) 0 18 38 60 74
Speed (rpm) 1250 1250 1250 1250 1250
Air manometer reading (mmH2O) 6.5 6.5 6.5 6.5 6.5
Exhaust temp (C) 105 144 180 246 296
Time of fuel consumption {50 cm3} (s) 149 110 84 60 51
Emissions O2 (%) 16.5 9.5 8.6 7.3 6.8
CO (ppm) 1500 1483 1584 1645 1793
CO2 (%) 4.1 4.8 6.1 7.5 9.1
NOx (ppm) 89 243 487 834 829
Specimen: 50% blend of fatty acids propyl ester and regular diesel fuel.
Density: 841 kg/m3.
Caloriﬁc value: 41,000 kJ/kg.
Table 4 Results of engine testing using 50% blend of fatty acids propyl ester and regular diesel fuel.
1st run 2nd run 3rd run 4th run 5th run
Brake power (KW) 0.00 2.36 4.97 7.85 9.68
Indicated power (KW) 4.90 7.26 9.88 12.75 14.59
Mechanical eﬃciency (%) 0.00 32.45 50.35 61.55 66.38
Fuel consumption (kg/h) 1.02 1.38 1.80 2.52 2.97
BSFC (gm/Kw h) – 584.37 362.48 321.40 306.58
ISFC (gm/Kw h) 207.20 189.60 182.50 197.83 203.51
BMEP (Kpa) 0.00 117.13 247.27 390.43 481.53
IMEP (Kpa) 243.87 361.00 491.14 634.30 725.40
Brake thermal eﬃciency (%) 0.00 15.03 24.22 27.32 28.64
Indicated thermal eﬃciency (%) 42.38 46.31 48.11 44.38 43.14
A/F ratio 61.58 45.46 34.71 24.80 21.08
Volumetric eﬃciency (%) 74.17 74.17 74.17 74.17 74.17
Exhaust gas loss (%) 13.43 14.83 14.85 15.30 16.05
Cooling water & unaccounted losses (%) 86.57 70.14 60.92 57.39 55.31
Table 5 Readings of engine testing using 50% blend of fatty acids butyl ester and regular diesel fuel.
1st run 2nd run 3rd run 4th run 5th run
Inlet water temp. (C) 32 40 48 54 58
Outlet water temp. (C) 44 53 62 70 80
Water rota-meter reading 0.1 0.1 0.1 0.1 0.1
Load (Nm) 0 20 40 62 77
Speed (rpm) 1250 1250 1250 1250 1250
Air manometer reading (mmH2O) 6.5 6.5 6.5 6.5 6.5
Exhaust temp (C) 111 153 192 240 306
Time of fuel consumption {50 cm3} (s) 134 95 72 56 49
Emissions O2 (%) 16.9 10.0 8.9 7.9 6.9
CO (ppm) 1472 1458 1535 1593 1731
CO2 (%) 3.9 4.6 6.2 7.3 9.3
NOx (ppm) 83 233 463 812 794
Specimen: 50% blend of fatty acids butyl ester and regular diesel fuel.
Density: 841 kg/m3.
Caloriﬁc value: 41,000 kJ/kg.
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Table 6 Results of engine testing using 50% blend of fatty acids butyl ester and regular diesel fuel.
1st run 2nd run 3rd run 4th run 5th run
Brake power (KW) 0.00 2.62 5.23 8.11 10.07
Indicated power (KW) 5.69 8.31 10.92 13.80 15.76
Mechanical eﬃciency (%) 0.00 31.50 47.91 58.78 63.91
Fuel consumption (kg/h) 1.13 1.59 2.10 2.70 3.09
BSFC (gm/Kw h) – 608.97 401.75 333.25 306.66
ISFC (gm/Kw h) 198.57 191.85 192.49 195.87 195.98
BMEP (Kpa) 0.00 130.14 260.29 403.44 501.05
IMEP (Kpa) 282.96 413.10 543.25 686.40 784.01
Brake thermal eﬃciency (%) 0.00 14.42 21.86 26.35 28.63
Indicated thermal eﬃciency (%) 44.22 45.77 45.61 44.83 44.80
A/F ratio 55.38 39.26 29.76 23.14 20.25
Volumetric eﬃciency (%) 74.17 74.17 74.17 74.17 74.17
Exhaust gas loss (%) 13.01 13.83 13.78 13.93 16.02
Cooling water & unaccounted losses (%) 86.99 71.76 64.36 59.73 55.35
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2- Brake thermal efﬁciency (%).
3- Indicated speciﬁc fuel consumption, ISFC (gm/Kw h).
4- Indicated thermal efﬁciency (%).
2.3. Results of diesel engine running using solar and its 50%
blends with the prepared biodiesel fuels
The results of diesel engine running using regular diesel fuel
and its 50% blends with the prepared biodiesel fuels are listed
in Tables 1–6. The parameters listed in these tables are deﬁned
as follows:
 BSFC stands for ‘‘Brake Speciﬁc Fuel Consumption”.
 ISFC stands for ‘‘Indicated Speciﬁc Fuel Consumption”.
 BMEP stands for ‘‘Brake Mean Effective Pressure”.
 IMEP stands for ‘‘Indicated Mean Effective Pressure”.
 Indicated thermal efﬁciency (%) =
Indicated powerðKWÞ
Fuel consumption kgsð ÞCalorific value kJkgð Þ * 100
 Brake thermal efﬁciency (%) =
Brake powerðKWÞ
Fuel consumption
kg
sð ÞCalorific value kJkgð Þ * 100
The brake speciﬁc fuel consumption; BSFC and the brake
thermal efﬁciency are the most important ones for the evalua-
tion of a fuel when used for the running of a diesel engine.A low rate of fuel consumption and high thermal efﬁciency
are both direct indications of good engine performance.
It is clear from the listed results that the performance of the
engine is almost the same in all cases. The brake thermal efﬁ-
ciency of the engine at full loading was almost the same using
50% blend of diesel fuel with propyl or butyl esters. It is
slightly lower than that using regular diesel fuel being
29.2%. However, the results reported by the authors in a pre-
vious article, Soliman et al. [1] have shown that the thermal
efﬁciency of the engine under the same conditions was even
higher using a 50% blend with methyl esters (being 31.8%).
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